ABSTRACT Aim: This study examined the relationship between hypothalamic-associated hormones and behavioural and eating disorders in children with low birthweight.
INTRODUCTION
Children who are born prematurely are at an increased risk of developing long-term behavioural disorders, particularly attention deficit and hyperactivity disorders (1) (2) (3) (4) , and this risk is escalated in individuals born extremely preterm (4) . Previous reports have also shown that preterm birth was associated with eating disorders during infancy and childhood (5, 6) . Health and disease states during childhood are often reflected in growth patterns.
Several factors, including epigenetic factors, can act early in life to imprint and modify physiological systems later in life (7) . Perinatal life, infancy and childhood are periods of increased vulnerability for systems involved in stress response. The presence of adverse stressors during these critical periods may affect behaviour and physiological functions, such as growth, metabolism, reproduction and the inflammatory/immune response (8) , by altering the activity of the hypothalamic-pituitary-adrenal (HPA) axis.
Animal models of early stress have shown that stressrelated events that occur during foetal and early postnatal 
Key notes
This study evaluated relationships between various hormones and behavioural and eating disorders in 9-year-olds, who had been born preterm, small for gestational age and full-term. It showed that among preterm children, those with behavioural or eating disorders had lower leptin, insulin and insulin-like growth factor-1 IGF-1. Preterm children also exhibited higher IGF-1 and lower prolactin levels, and this might reflect an increased dopaminergic tonus, which may inhibit body weight incrementation.
periods may have lifelong programming effects on the HPA axis and various body functions, particularly disease susceptibility (9) . Exposure of the developing brain to severe and, or, prolonged stress may result in negative effects after birth. These effects may include the following: hyperactivity in the stress response and the HPA axis, defective glucocorticoid-negative feedback, altered cognition, novelty seeking behaviour, increased vulnerability to addictive behaviour and mood-related disorders involving the monoamine system in the brain. Moreover, young adult humans who were born preterm with very low birthweights showed a reduced cortisol response during a stress test (10) .
Leptin, a 16 kDa protein hormone, is a product of the obese gene and is secreted by adipocytes. Serum leptin levels are thought to reflect fat mass, and in children, they correlate very well with the body mass index (BMI) standard deviation score (SDS) (11) . Through its action on the leptin receptor, leptin is centrally involved in a negative feedback loop that regulates feeding signals, including appetite and hunger. Leptin also decreases depression-like activity and anxiety-related behaviour in animal models (12) . Furthermore, leptin dampens the HPA axis response to stress, both centrally and peripherally, partly by affecting adrenocorticotropic hormone levels (13) .
The insulin-like growth factor-binding hormone-1 (IGFBP-1) is thought to reflect diurnal insulin levels. Insulin and glucagon, both produced by the pancreas, have opposing actions that regulate blood glucose levels; insulin rapidly reduces glucose, and glucagon is secreted to counteract hypoglycaemia. Insulin-like growth factor-1 (IGF-I) is the main hormone regulator of growth during infancy and puberty. IGF-I is produced by the liver and regulated by growth hormone in children and adults. Growth hormone and prolactin have closely similar activities and they are both partly produced by the same cells in the pituitary. Prolactin is a hormone involved in lactation, but it has also been suggested that it promotes body weight gain, both in experimental animals (14) and in humans. Hyperprolactinaemia is associated with insulin resistance (15) .
This study aimed to investigate whether low birthweight, due to preterm birth or intrauterine growth restriction, might be associated with behavioural, eating or sleeping disorders in childhood. We also examined the circulating levels of hormones associated with growth, glucose metabolism and adipose tissue in children at the start of puberty. We hypothesised that there may be relationships between birthweight-associated disorders, alterations in HPA hormone levels, growth and the accumulation of fat mass.
METHODS
This study included 100 school-aged children, with no known somatic diseases, who were entering puberty, with a mean age of 9.73 and a range of 9.68-9.79 years. The children were divided into three groups: 39 children were born prematurely at <32 gestational weeks (preterm group), 28 children were born full-term at 37-42 gestational weeks, but small for gestational age (term-SGA group), and 33 children were born full-term with normal birthweights (control group) (Table S1 ). These subjects were described previously (16, 17) . In this study, seven subjects were born prematurely and were also SGA, and they were included in the preterm children group. Gestational age was determined by ultrasound during early pregnancy (18) . SGA was defined as a birthweight of <2 standard deviations (SD) below the mean, which was defined as below the sexspecific 2.5th percentile for gestational age, according to Swedish reference data for normal foetal growth (19) . Target height (Table 1) was calculated according to parental height: we added the father's height and the mother's height, divided that number by two and then added 6.5 cm for the boys and subtracted 6.5 cm for the girls. The target height standard deviation score (SDS) was based on the Swedish reference material (20) . All children were singletons born in northern Stockholm at Karolinska University Hospital, Solna. No children had chromosomal anomalies, congenital infections or lifethreatening congenital anomalies. The inclusion criteria were described previously (17) . Of the 257 children invited to participate in this study, 57 were preterm children. Of those contacted, 105 children accepted the invitation to participate in the study. The children who did not participate were not different in gestational ages and birthweights from those who participated in the three study groups. Children included in this study had reached a Tanner stage of two or lower, according to breast/pubic development. Two term-SGA children and three control children had reached a Tanner stage of more than two and were therefore excluded from analysis. This meant that 100 children were included in this study. Of these, five children had reached a Tanner stage of two: one preterm and three control girls and one preterm boy. The three control girls did not differ in serum blood values or anthropometrical data to the other control girls (data not shown). This study was approved by the Ethics Committee at Karolinska University Hospital, and written informed signed consent was obtained from the parents and children.
Information about maternal and neonatal characteristics was collected from the Swedish birth records. Medical and behavioural histories were obtained from parents and study participants using a questionnaire that was sent to them prior to a home visit. The questionnaire contained questions and a place for free comments. The parents could either check the 'normal' box or describe how their child showed discrepancies from normal behaviour. The questionnaire was followed up by a visit, where a medical doctor (MV) went through the questionnaire with the parent(s) that were present and carefully discussed and investigated any abnormal behaviours pointed out by the parent(s). The questionnaire included descriptions of different behavioural problems, which are categorised as follows: (i) behavioural disorder, defined according to the Diagnostic and Statistical Manual of Mental Disorders, 4th Edition, text revision (DSM-IV-TR) as hyperactivity, concentration problems or a combination of both (21); (ii) eating disorder, defined as eating small portions, having a poor appetite and/or having no time/ interest in eating (22); (iii) sleeping disorder, defined as difficulty falling asleep, nightmares, sleeping lightly and waking up during the night (20) ; and (iv) affective disorder, defined as impulsive aggression, affective seizures and mood outbreaks. When a child met the criteria for both behavioural and eating disorders, the child was categorised as having a combined behavioural and eating disorder. The physician also performed a physical examination. The same physician was present when 90 of the children were assessed, and two other physicians assessed the other 10 children with the same strict protocol methods. A single research nurse obtained anthropometric measurements for all children.
Six of the eight children with combined and eating disorders were born extremely preterm (≤27 gestational weeks). These six children exhibited a higher prevalence of respiratory distress syndrome (6/6, 100% versus 8/17, 47%, respectively, p = 0.02), were more likely to have been delivered vaginally (5/6, 83% versus 6/17, 35%, respectively, p = 0.04; Pearson's v 2 test) and had a lower gestational age at birth [mean (AESD) 24.5 AE 0.5 weeks versus 25.3 AE 0.6 weeks, p = 0.009, analysis of variances (ANO-VA), t-test], when compared with 17 other children born extremely preterm.
One boy who had been born preterm was taking a psychostimulant medication for a behavioural disorder and attention deficit. Two of the preterm children with combined behavioural and eating disorders had received growth hormone treatment for 1 year prior to the study. These individuals were excluded from the comparison of target height SDS deviation between the groups and from the comparison of prolactin levels between preterm children with and without disorders.
Prolactin, growth hormone, glucagon, IGF-1, leptin, insulin and IGFBP-1 were analysed in 80 children, comprising 28 preterm, 23 term-SGA and 29 controls. No blood samples were available from the remaining 20 children, either due to refusal by the child or parent or due to an unsuccessful draw. The same nurse took blood samples from all 80 subjects. Blood samples were drawn after an overnight fast at 9.30 am to 10 am for all subjects. Blood sampling and blood pressure measurements were taken after at least 15 (15-30) min of rest in a horizontal position. The blood pressure measurements did not differ between groups.
Prolactin was analysed by immunofluorescence with an AutoDELFIA â prolactin kit (Perkin Elmer, Inc., Waltham, MA, USA). The analysing interval was 0.04-250 lg/L, the reference interval was 3-19 lg/L, the interassay coefficient of variation (CV%) was 2.8%, and the intra-assay CV was <10%. Growth hormone was analysed by immunofluorescence with the AutoDELFIA â hGH kit (Perkin Elmer, Inc.). The analysing interval was approximately 0.01-38.5 lg/L, and the reference interval was <15 lg/L. Adrenocorticotropic hormone was analysed by chemiluminescence with a regent kit (Nichols Advantage; Nichols Institute diagnostics, Valencia, USA). The analysing interval was 0-330 pmol/L and the reference interval was 2.0-10 pmol/L. Serum cortisol level was analysed with the AutoDELFIA â cortisol kit (Perkin Elmer, Inc.). The analysing interval was 5-1600 nmol/L and the reference interval was 230-700 nmol/L. Glucagon was analysed with an EURIA-glucagon radioimmunoassay kit (Euro Diagnostica, Malmo, Sweden). The gamma counter analysing interval was 4.7-300 pmol/L and the reference interval was <60 pmol/L. The laboratory methods for IGF-1, leptin, insulin and IGFBP-1 were described previously, and the unadjusted levels of IGF-1, leptin, insulin and IGFBP-1 from this cohort were published previously (11, 16) .
Statistics
Measurements are expressed as the number of individuals (percentage), the mean (95% CI) for anthropometrical data or the geometrical mean (95% CI) for all hormone values, because they were not normally distributed. 
IGF-1, IGFBP-1, insulin, glucagon, prolactin and growth hormone. Linear regression analyses between the body length SDS and the head circumference SDS at birth and at follow-up were also performed in the group of preterm children. p < 0.05 was considered statistically significant; p < 0.10 was considered a tendency. The results were analysed with Stat Soft, version 10 (Tulsa, OK, USA).
RESULTS

General description
At follow-up, the 100 children had a mean age (95% CI) of 9.7 years (9.6-9.8) ( Table 1 ). The preterm children were younger than the term children at follow-up (Table 1) . At follow-up, there were significant differences between the groups regarding weight, height and head circumference (Table 1) . Term-SGA children had a significantly lower target height SDS than the controls (p < 0.05; Table 1 ), but the deviation from target was not significantly different from that of the controls (height SDS deviation). Preterm children deviated significantly more from their target height than the other groups at the start of puberty (height SDS deviation, Table 1 ).
Hormone levels in the different groups Prolactin was inversely correlated with weight (r = À0.33, p < 0.01) and height (r = À0.23, p < 0.05) in all subjects (n = 80). The preterm group had lower prolactin levels than the term-SGA group (p = 0.029, adjusted for age, gender, weight and height) and the control group (p = 0.015, adjusted for age, gender, weight and height) ( Table 2) . Adding catch-up group as a covariable, the difference in prolactin levels between the preterm group and controls became more significant (p = 0.007, adjusted for age, gender, weight, height and catch-up height). Prolactin did not differ between genders in the preterm group (p = 0.43). IGF-I levels did not correlated significantly with catch-up height (preterm group r = 0.15, p = 0.44, term-SGA r = 0.08, p = 0.72 and controls r = 0.27, p = 0.15) or with catch-up weight (preterm r = 0.37, p = 0.06, term-SGA r = 0.23, p = 0.28 and controls r = 0.02, p = 0.91). Adjusted IGF-I levels were higher in the preterm group than in the control group (p = 0.021), and adding catch-up height as a covariable had no effect on this calculation. The adjusted serum cortisol levels tended to be lower in the preterm group compared with controls (p = 0.05). No differences were observed between the groups regarding the other hormones (Table 2) . IGF-I levels were inversely correlated with prolactin in the preterm group (r = À0.39, p < 0.05), but this correlation was not observed in the combined group of term-SGA and controls (Fig. 1) .
Behavioural, eating and sleeping disorders at follow-up
Compared with the term-SGA/control group, preterm children presented significantly higher incidences of behavioural (38% versus 10%), eating (26% versus 8%) and sleeping disorders (23% versus 5%), but the groups were not different in the incidence of affective disorders (Table 3) . No significant gender differences were found among the participants, with behavioural disorders observed in 15% of the girls and 29% of the boys (p = 0.091, Pearson's v 2 test). Among children born preterm, behavioural disorders were observed in 32% of the girls and 47% of the boys (p = 0.33, Pearson's v 2 test). Combined behavioural and eating disorders were found in eight preterm children, but in none of the children in the combined term-SGA/control group (Table 3) .
Relationships between disorders and growth parameters Among preterm children, those with and those without combined behavioural and eating disorders had similar head circumference SDS values at birth (p = 0.27).
However, at follow-up, the eight children with combined behavioural and eating disorders had significantly smaller head circumferences (mean 51.3, 95% CI: 49.7-52.9 cm versus mean 53.4, 95% CI: 53.0-53.8 cm, p < 0.001) and greater deviations from the target height SDS (mean À2.03, 95% CI: À3.13 to À0.92 versus mean À0.35, 95% CI: À0.71 to 0.00), p < 0.001) than the 31 preterm children without the combined disorders. There appeared to be a larger difference between groups in height than in head circumference, which suggested a head-sparing effect ( Figure S1 ).
Relationships between disorders and hormone levels in preterm children According to the t-test and ANOVAs, the 12 children in the preterm group with behavioural and/or eating disorders had lower leptin (mean 2.1 lg/L, 95% CI: 1.0-4.3 versus mean 8.2 lg/L, 95% CI: 4.8-13.8; p < 0.01), insulin (mean 3.1 pmol/L, 95% CI: 2.0-4.7 versus mean 5.3 pmol/L, 95% CI: 4.2-6.8; p < 0.05) and IGF-I levels (mean 195 lg/L, 95% CI: 155-245 versus mean 263 lg/L, 95% CI: 232-299; p < 0.05) than the 16 children born preterm without the disorders. However, there were no differences between the groups in prolactin (p = 0.11), glucagon (p = 0.38) or cortisol levels (p = 0.65). Nevertheless, the correlations between leptin and IGF-I, IGFBP-1, insulin, growth hormone, prolactin and glucagon were similar in preterm children with and without behavioural and/or eating disorders ( Figure S2 and Table 4 ). Among the two full-term groups, only the correlation between leptin and IGF-1 differed between term-SGA and controls. It was positive in the term-SGA children, but not significant in the controls (Table 4) . Glucagon correlated inversely with leptin in both full-term groups, but not in the preterm children (Table 4 ).
DISCUSSION
We found that children born preterm had lower prolactin levels than those born full-term. To our knowledge, this finding has not been previously reported in children. Figure 1 Correlation between insulin-like growth factor-1 (IGF-I) and prolactin levels in the different groups. Symbols represent preterm children with (•) or without (o) behavioural/eating disorders and term-small for gestational age (SGA) and controls (full-term group) with ( ) or without ( ) behavioural or eating disorders. IGF-1 was inversely correlated with prolactin in the preterm group (solid line; r = À0.38, p = 0.046); in contrast, the combined term-SGA and controls showed a positive correlation (dashed line; r = 0.23, p < 0.1). The mean IGF-I in the entire cohort was 207 lg/L. When the rounded-off mean value (210 lg/L) was used as a threshold value, it was clear that preterm children with IGF-1 levels below 210 lg/L had a significantly higher incidence (p < 0.05) of behavioural/and or eating disorders than those with IGF-1 levels above the threshold (Pearson's v 2 test). IGFBP-1 = insulin-like growth factor-binding protein-1, IGF-I = insulin-like growth factor-1. *p < 0.05; **p < 0.01; ***p < 0.001.
Prolactin has been proposed to promote body weight in humans, and prolactin levels were reduced with chronic energy intake restriction (23) . The reduced prolactin in preterm children might be the result of a higher dopaminergic tonus in the brains of these children. Dopaminergic neurons exert negative feedback on prolactin release (24) and positive feedback on growth hormone release (25) . We did not detect significantly elevated growth hormone in the preterm group, but growth hormone release is pulsatile, with peaks during the night. We also observed a difference in IGF-1 among preterm children compared with control subjects. This difference might relate to an increased brain dopamine tonus, because serum IGF-1 concentrations reflect growth hormone secretion rates (26) . In another study, we also observed increased IGF-1 levels among preterm participants who had birthweights appropriate for gestational age compared with control subjects (11) . The inverse correlation between prolactin and IGF-1 indicated that higher IGF-1 levels were associated with lower prolactin levels in children born preterm. Despite relatively elevated IGF-1, preterm children grew to a relatively short height. These findings implied that preterm subjects may have reduced sensitivity in the IGF-1 receptors, which then required higher IGF-1 levels for sufficient signalling. Furthermore, in contrast to our expectations, we found a tendency to lower cortisol levels in the preterm group compared with the controls. This finding was consistent with findings from a previous study with older children born preterm, who were submitted to a stress test (10) .
In contrast to the full-term groups (SGA/controls), no inverse correlation was found between glucagon and leptin in the preterm children. The robust correlation between insulin and leptin observed among the preterm children indicated that increases in insulin elicited a prompt promotion of fat mass incrementation, and thus increased leptin, in this group. This strong positive correlation between insulin and leptin might explain the lack of inverse correlation between glucagon and leptin among these subjects, as reductions in glucagon might be inhibited to prevent hypoglycaemia in the presence of elevated leptin and insulin (27) .
We also found a higher prevalence of behavioural, eating and sleeping disorders among children born preterm compared with children born at term. More than 50% of the children born preterm with behavioural problems also reported eating problems and 59% of the children born at <27 gestational weeks reported at least one disorder. Subjects with both disorders showed the largest deviation from predicted target height at puberty onset, and they had smaller head circumferences than preterm children without disorders. Among the children born preterm, those with behavioural and/or eating disorders had lower leptin, insulin and IGF-I levels than those without disorders.
Our results confirm previous findings that children born preterm show an increased prevalence of behavioural and eating disorders (1-6). Hack et al. (28) studied 9-year-old children born with very low birthweight and found that a small head circumference was associated with poor academic achievement, low IQ and behavioural problems. In our study, among the children born extremely preterm, those with combined disorders had the smallest head circumferences.
We found lower levels of leptin, insulin and IGF-I in preterm children with behavioural and/or eating disorders compared with preterm children without those disorders. However, the associations between hormones and leptin were similar between these groups. This indicated that several hormones were associated with leptin (i.e. the percentage of fat tissue) in a similar way in the two groups. Therefore, the regulation of these hormones in relation to leptin appeared to be functioning properly in subjects with behavioural and/or eating disorders. As a consequence, the cause of lower hormone levels in these subjects is unknown. One may speculate that the preterm birth alters a neuronal set point, which induces lower levels of IGF-I, insulin and leptin in this group compared with children born preterm without disorders. Conversely, behavioural/eating disorders may also result in these findings (29) . Unfortunately, we lack information about the thyroid function/status in this cohort. Based on our findings, we propose a hypothesis that integrates our findings (Fig. 2) .
There were some limitations in this study. First, we were unable to obtain blood samples from the entire cohort. In the preterm group, 30% of the serum samples were missing, which could skew the results. Furthermore, the morning fasting values of growth hormone and prolactin might not reflect their diurnal production rates. Finally, the assessment of disorders was based on a written form, followed up with a visit and discussion of the general health history and a history of behavioural patterns, but it was not based on a formal behavioural questionnaire.
In conclusion, we found that preterm children had lower prolactin and higher IGF-I levels than controls. These differences might relate to early life imprinting mechanisms. We also noted the presence of a combined behavioural and eating disorder in the preterm subjects alone, which was not emphasised in earlier studies. This subgroup of preterm children exhibited the largest deviation from the target height at puberty onset. When examining prematurely born children, special attention and care may be required to take notice of this combined disorder. Eating and behavioural disorders in children born preterm were associated with lower leptin, insulin and IGF-1 levels, but the coordinated regulation of these hormones appeared to function properly. Lower prolactin and higher IGF-I levels suggested that dopaminergic tonus may be increased in children born preterm; this observation raises speculation about IGF-I receptor insensitivity.
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